Anelastic loss mechanisms associated with phase transitions in SrZr 1−x Ti x O 3 perovskites (x = 0.375, 0.450, 0.550, 0.775) have been investigated by dynamic mechanical analysis between 128 and 723 K at frequencies of 0.1-50 Hz. Distinctive patterns of changes in the elastic moduli due to octahedral tilting transitions correlate closely with data for the shear modulus obtained previously by resonant ultrasound spectroscopy at high frequencies (∼0.5 MHz). The I 4/mcm ↔ I mma transition is first order and has a characteristic minimum in the shear modulus and Young's modulus. For x = 0.450 and 0.550, a dissipation peak occurs at the transition temperature, the maximum of which varies with frequency according to a power law relationship of the form tan δ = A f n , with n ≈ −0.3. Debye-like dissipation peaks in the stability field of the I mma structure at x = 0.375 have a frequency and temperature dependence consistent with twin wall pinning by defects with an activation energy ∼184 kJ mol −1 . These results indicate that there is diversity of pinning and relaxation processes for transformation twin walls and interfaces in different perovskites with I 4/mcm, I mma and Pnma structures.
Introduction
One aspect of the prolonged and scientific interest in ABX 3 perovskites has been their ferroelastic behaviour associated with phase transitions (e.g. Harrison et al 2004b , 2004c , Lee et al 2006 , Watanabe et al 2006 and correlations with the elastic and anelastic properties of key minerals in the lower mantle of the Earth, (Mg, Fe)SiO 3 and CaSiO 3 (Wentzcovitch et al 1993 , Stixrude and Cohen 1993 , Li et al 2006a , 2006b , Adams and Oganov 2006 . Extensive research has been devoted to the study of phase transitions of analogues with Pm3m, I 4/mcm, R3c, Imma and Pnma structures, e.g. SrTiO 3 (Scott and Ledbetter 1997 , Hayward and Salje 1999 , Kityk et al 2000a , 2000b , SrZrO 3 (Carlsson 1967 , Kennedy et al 1999 , Howard et al 2000 , Matsuda et al 2003 , Mete et al 2003 , Fujimori et al 2004 , McKnight et al 2009a , Kersch and Fischer 2009 , LaAlO 3 (Müller et al 1968 , Salje 1989 , Harrison and Redfern 2002 , Harrison et al 2004b , 2004c , Zhao et al 2004 , Carpenter et al 2010a , 2010b , 2010d , A-site substitution perovskites (Sr, Ba)SnO 3 (Daraktchiev et al , 2007 and (Ca, Sr)TiO 3 (Carpenter et al 2001 , 2007a , 2007b , Carpenter 2007a , 2007b , Harrison et al 2003 , Walsh et al 2008 . Critical issues have been superattenuation and superelasticity associated with domain wall movement, viscous drag on twin wall displacements due to strong interaction with strain fields and defects, and domain wall pinning by defects (Harrison and Redfern 2002 , Harrison et al 2003 , 2004a , 2004b , 2004c , Walsh et al 2008 , Schranz et al 2009 . It had been thought that only I 4/mcm and R3c structures show twin wall related anelasticity, but a recent study of BaCeO 3 (Zhang et al 2010) has shown that the twin walls may become mobile under external stress in Imma and Pnma structures as well. Daraktchiev et al (2006) suggested a correlation between the sign of the volume strain and the domain wall mobility and thickness, with negative volume strains resulting in inert walls. Alternatively, it has been suggested that inert walls in Pnma structures are due to the small value of the total spontaneous strain (Harrison et al 2003 , Carpenter 2007b or the coupling of two discrete order parameters Howard 2009a, 2009b) . As more perovskites are examined, more diversity has been observed and a clear pattern of predictable behaviour is not yet available. The objectives of the present work were to study effects of frequency, composition and temperature on elastic moduli and energy dissipation in a perovskite solid solution SrZrO 3 -SrTiO 3 , which has B-site cation substitution rather than A-site substitution.
Phase transitions of the SrZrO 3 -SrTiO 3 solid solution have been studied by x-ray and neutron diffraction (Wong et al 2001) and by resonant ultrasound spectroscopy (RUS) at high frequency (∼1 MHz) and low stress (McKnight et al 2009b) . A phase diagram has been suggested (McKnight et al 2009b) , as shown in figure 1. There is still uncertainty about the extent of the Imma phase field, and some transition temperatures have not been accurately determined. In this work, four representative compositions of SrZr 1−x Ti x O 3 with x = 0.375, 0.450, 0.550, 0.775 have been chosen to be studied by dynamic mechanical analysis (DMA) at low frequency (∼1 Hz) and high stress between 128 and 723 K. They have different structures at room temperature (Pnma, Imma and I 4/mcm) and undergo different phase transitions within the investigated temperature range (Pnma ↔ I mma, I mma ↔ I 4/mcm and I mma ↔ I 4/mcm ↔ Pm3m). The advantage of combining high frequency and low frequency measurements is that different anelastic loss mechanisms may be exposed.
Experimental details
The initial powder samples of SrZr 1−x Ti x O 3 , with x = 0. 375, 0.450, 0.550, 0.775 (SZT37.5, SZT45, SZT55, SZT77.5) used in the present study were the same as those used by McKnight et al (2009b) . Synthesis conditions have been described in full by Wong et al (2001) and McKnight et al (2009b) . To prepare for DMA measurements, the samples were further ground in acetone at 600 rpm for 1 h using a Fritsch Pulverisette 7 agate ball mill. Approximately 2 g of each powder was then pressed into a cylindrical pellet of diameter 13 mm and height ∼3 mm using a pellet die under ∼1000 psi (6.9 MPa) for 5 min. The pellet was sintered in air at 1600
• C for 48 h, according to the following protocol:
(1) Heated from 20 to 1500
• C at 5
• C min −1 . (2) Held at 1500
• C for 2 h. (3) Heated from 1500 to 1600
• C at 3 • C min −1 . (4) Held at 1600
• C for 48 h. (5) Cooled from 1600 to 20
• C at 3
The sintered pellets were sliced up using an annular diamond saw, lubricated with paraffin, and DMA samples were then polished to the dimensions 0.25 × 2.00 × 7.50 mm 3 . An offcut of each pellet was also crushed and investigated by x-ray diffraction (XRD), using a Bruker D8 powder diffractometer with Cu Kα radiation at 40 kV and 40 mA. The diffraction angle 2θ was scanned from 5
• to 95
• , steps were in increments of 0.02
• , and the intensity data were collected for 3 s at each step. The diffraction patterns were consistent with perovskite structures, and contained no obvious evidence for the presence of additional phases.
DMA measurements were undertaken using two different Perkin Elmer instruments, a DMA 7 and a Diamond DMA. The sample was mounted on knife edges in three point bending geometry. Static (F s ) and dynamic forces (F d ) were applied as F s + F d exp(iωt) in the frequency range 0.1 Hz < f < 50 Hz using a quartz rod in the DMA 7 and a steel rod in the Diamond DMA. There is a phase lag δ between the applied force and the deflection response of the sample, which is measured as the displacement u d of the rod. Energy dissipation tan δ, the storage modulus E (real component of complex Young's modulus), and the loss modulus E (imaginary component of complex Young's modulus) conform to
where l is the spacing between the two bottom knife edges, 5.00 mm, t is the thickness of the sample, 0.25 mm and w is the width of the sample, 2.00 mm. Tests above room temperature were performed in the DMA 7 with displacement amplitudes greater than 2 μm. The sample was heated from room temperature to 800 K, and then cooled back to room temperature at 3 • C min −1 to investigate heating and cooling processes. Data collection below room temperature was undertaken with the Diamond DMA during cooling to 150 K and then reheating, also at 3
• C min −1 , with displacement amplitudes from 5 μm up to a maximum of 100 μm.
Results
The temperature dependencies of the storage modulus E and dissipation tan δ for SZT37.5, SZT45, SZT55 and SZT77.5 are shown in figures 2-5, respectively. The temperature dependencies of the shear modulus G and inverse mechanical quality factor Q −1 obtained from RUS scans at high frequencies (∼0. from DMA at sufficiently small values of tan δ is, in principle, Young's modulus and, is related to the shear modulus of a polycrystalline sample via the bulk modulus B according to
In practice, absolute values of the storage modulus from DMA are subject to large experimental uncertainty due to contact losses and the data for E and G have not been combined to extract values of B, therefore. Data from McKnight et al (2009b) are given in table 1. Tanδ from DMA and Q −1 from a resonance experiment are expected to be related by (from Lee et al 2000 , Lakes 2004 
As shown in figure 2(a) for data obtained between 293 and 723 K, E of SZT37.5 initially decreases with increasing temperature. There is then a distinct and frequencyindependent (for DMA frequencies) minimum at ∼685 K before E starts to increase. RUS data for G are incomplete for SZT37.5, but results from SZT35 show the same pattern of elastic softening and stiffening near 700 K as seen in the DMA data. The phase diagram of McKnight et al (2009b) Table 1 . Room temperature shear modulus G, bulk modulus B, Young's modulus E and Poisson ratio ν for SZT37.5, SZT45, SZT55 and SZT77.5 (McKnight et al 2009b) and the frequency f used to determine the temperature dependence of G. shows SZT37.5 as having an I 4/mcm ↔ I mma transition occurring at ∼705 K. The gross variation of tan δ (figure 2(b)) is a systematic shift to higher values with increasing frequency in all the data, corresponding to the systematic shift to lower values of E , but the latter is an experimental artefact. At each frequency apart from 40 Hz there is a distinct peak, however, at higher temperatures the tan δ values are relatively high and at lower temperatures they are relatively low. This peak occurs below the temperature where E is at a minimum, and its shift to higher temperatures with increasing frequency (∼608 K at 1 Hz and ∼653 K at 30 Hz) implies that it is related to some thermally activated dissipation process. The activation energy E a obtained using
where T m is the temperature of the peak value of tan δ at a given frequency f , is 184 ± 6 kJ mol −1 (1.91 ± 0.07 eV), with f 0 = 1.05 × 10 16 Hz (figure 6). Values of Q −1 from McKnight et al (2009b) for SZT37.5 and SZT35 are also shown in figure 2(b) for comparison with tan δ. In the case of SZT37.5, Q −1 has low values below ∼500 K and then increases. For SZT35, the increase in Q −1 occurs near 600 K and the values remain relatively high up the stability field of the cubic structure, which begins at ∼1030 K. According to the synchrotron x-ray powder diffraction data of Wong et al (2001) , the space group of samples with compositions between SZT20 and SZT40 is expected to be Pnma at room temperature, which requires an I mma ↔ Pnma transition to take place between 680 and 300 K in SZT37.5 if the phase diagram of McKnight et al (2009b) is correct. McKnight et al (2009b) placed this at ∼510 K on the basis of changes in Q −1 but there is no overt evidence for a phase transition at this temperature in the DMA data or in the temperature dependence of G.
The variations of E through the temperature interval 293-723 K for SZT45 ( figure 3(a) ) and SZT55 ( figure 4(a) ) show similar behaviour. With increasing temperature E gradually decreases to a frequency-independent minimum and then increases, as in SZT37.5. The minimum occurs at ∼570 K in STZ45 and at ∼ 443 K in SZT55, following the same trends in G from RUS measurements almost exactly. McKnight et al (2009b) assigned this anomaly to the I 4/mcm ↔ I mma transition. In contrast with SZT37.5, however, the peak in tan δ at all frequencies apart from 50 Hz coincides with the transition temperature for both samples. It is smaller in magnitude than in SZT37.5 but with a height that varies systematically with frequency. By analogy with similar behaviour at the R3c ↔ I mma transition in BaCeO 3 (Zhang et al 2010) , this suggests that it arises from displacements of interfaces between coexisting phases due to the first order character of the transition. Zhang et al (1995) have calculated the dissipation function resulting from the movement of first order induced interfaces, yielding
whereṪ is the heating/cooling rate and A(T ), B(T ) are temperature-dependent coefficients. As shown in figure 7 , a double logarithmic plot of the frequency dependence of the height above baseline of the tan δ peak is consistent with a power law, tan δ = A f n where n = −0.27 for SZT45 and n = −0.26 for SZT55.
As for SZT37.5, the absolute values of Q −1 from RUS spectra for SZT45 and SZT55 are substantially lower than the absolute values of tan δ (figures 3(b) and 4(b)). Attenuation in the stability field of the cubic structure is very low, but increases below the Pm3m ↔ I 4/mcm transition point (McKnight et al 2009b) and is highest in the temperature interval corresponding to the interval of high tan δ in the case of SZT45. A return to very low Q −1 values (<0.006) occurs below ∼480 K in SZT45, and perhaps at ∼300 K in SZT55.
For SZT77.5 the temperature dependencies of E and tan δ were obtained using the Diamond DMA at low temperatures between 128 and 300 K, and using the DMA 7 at high temperatures between 290 and 723 K. As shown in figure 5 , there are substantial offsets between data from the two instruments, reflecting high uncertainties in absolute values and confirming that the gross differences in E and tan δ with changing frequency from the DMA 7 are an experimental artefact. At low temperatures minima in E again coincide with the minimum in G from RUS measurements which McKnight et al (2009b) associated with the I 4/mcm ↔ I mma transition. This pattern of variation is the same as seen in SZT37.5, SZT45 and SZT55. The transition point has been placed at ∼210 K and there is a frequency-dependent peak in tan δ just below this. Analysis of peak temperatures as a function of frequency, in the same manner as for SZT37.5, yields E a = 189 ± 15 kJ mol −1 (1.96 ± 0.15 eV), f 0 = 2.25 × 10 20 Hz ( figure 6 ). This attempt frequency is physically meaningless, however, probably because the tan δ peaks are very close to the transition point and have various shapes. There is a marked increase in Q −1 through this transition temperature interval, though the maximum appears to be associated with the transition point itself, rather than with the low frequency dissipation seen below the transition point ( figure 5(b) ).
High temperature data for E and G of SZT77.5 in figure 5(a) show a pattern of softening with decreasing temperature which McKnight et al (2009b) ascribed to the Pm3m ↔ I 4/mcm transition. The softening of E is shifted to slightly lower temperatures than for G and is accompanied by a peak in tan δ which appears to have a maximum at ∼519 K (20, 40, 50 Hz) or slightly below this (1, 10 Hz). There is a broad maximum in Q −1 through the temperature interval of elastic softening and high tan δ ( figure 5(b) ).
Discussion
Variations of the storage modulus from low frequency measurements match the variations of the shear modulus from high frequency measurements at all four compositions of SrZr 1−x Ti x O 3 investigated in the present study. Transition temperatures estimated from the minima in E have been added to figure 1 to emphasize this correspondence. In SrZrO 3 (McKnight et al 2009a) and BaCeO 3 (Zhang et al 2010) , the distinct minimum is clearly identifiable with I 4/mcm ↔ I mma and R3c ↔ I mma transitions, respectively. Both involve only a change in orientation of the favoured octahedral tilt axis for tilting associated with the R-point of the Brillouin zone. The I 4/mcm ↔ I mma transition also occurs in Sr x Ba 1−x SnO 3 (Daraktchiev et al , 2007 and the same distinctive minimum occurs in a sample with x = 0.6 (see figure 1(c) of Daraktchiev et al 2007) . A minimum in the storage modulus for a sample with x = 0.8 at ∼873 K was assigned by Daraktchiev et al (2006) to the I mma ↔ Pnma transition but this should occur at ∼683 K according to their phase diagram and there may be some doubt about the composition of this sample (see discussion in McKnight et al (2009a) ).
The pattern of low frequency anelastic losses associated with the high temperature transition observed in SZT45 and SZT55 is quite different from that of SZT37.5, even though the transition sequence in these samples appears to be the same. In the latter, the pattern has the same characteristics as for twin wall freezing in Ca 1−x Sr x TiO 3 (see figure 4 of Harrison et al (2003) ). At high temperatures in the I 4/mcm stability field, twin walls are expected to be mobile under application of an external stress but are subject to viscous drag, probably due to interaction with phonons (Combs and Yip 1983 , Huang et al 1992 , Wang et al 1996 , Harrison et al 2004a . This gives a wide temperature interval of relatively high tan δ. At some temperature they will interact with and become pinned by defects, giving a Debye peak in tan δ. Below the frequency-dependent freezing interval, anelastic dissipation is much lower because the twin walls are effectively immobile on the timescale of the applied stress. In SZT37.5 this freezing interval is centred at ∼600-650 K at frequencies of 1-40 Hz, and the pinning process is associated with an activation energy of 184 ± 6 kJ mol −1 . According to the phase diagram of McKnight et al (2009b) it occurs in the stability field of the Imma structure. This is in contrast with twin wall freezing in Ca 1−x Sr x TiO 3 , which occurs in the stability field of the I 4/mcm structure and is centred at ∼425 K, with an activation energy of ∼100 kJ mol −1 (Harrison et al 2003 . In LaAlO 3 freezing occurs within the stability field of the R3c structure at about the same temperatures with a similar activation energy ∼90 kJ mol −1 Redfern 2002, Harrison et al 2004c) and this appears to be typical of pinning by oxygen vacancies Redfern 2002, Harrison et al 2003) . Daraktchiev et al (2006 Daraktchiev et al ( , 2007 reported freezing behaviour in Sr 0.8 Ba 0.2 SnO 3 centred at ∼670 K with an activation energy of 184 kJ mol −1 and associated the pinning process with diffusion of interstitial cations. There appears to be the possibility of at least two styles of pinning therefore, one associated with a relatively high activation energy and freezing temperatures of ∼650 K and a second which has a lower activation energy and freezing temperatures of ∼425 K. Since the stannate perovskites have a stability field for the Imma structure while the Ca, Sr titanates and LaAlO 3 do not, there is the possibility that this difference in behaviour for twin wall dynamics also correlates with differences in structure types. To test whether such a correlation really exists will require observations of a wider range of perovskites, however. A third group is perhaps represented by BaCeO 3 in which high anelastic losses attributed to twin wall motion occurs within the stability fields of R3c, Imma and Pnma structure, with the low frequency Debye peak occurring near 200 K and having an activation energy of ∼30 kJ mol −1 (Zhang et al 2010) . The key difference between SZT45, SZT55 and SZT37.5 appears to be that the I mma ↔ I 4/mcm transition occurs above the freezing interval of the latter and below the freezing interval for the former two. This would explain why the observed dissipation behaviour has a frequency-independent, power law pattern in SZT45 and SZT55 since the only contribution to the anelastic loss would come from movement of interfaces between the coexisting phases. Judging by the height of the tan δ peaks, the magnitude of the dissipation is less than that due to twin wall motion. This, in turn, is probably a simple reflection of smaller changes in strain when converting the Imma structure to the I 4/mcm structure, or vice versa, as opposed to converting either structure from one twin orientation to another. Values of n = −0.27 and −0. It is less easy to define a transition temperature from the inflection of E at high temperatures in SZT77.5, but the pattern of softening is at least qualitatively consistent with the phase diagram proposed by McKnight et al (2009b) . This type of softening is typical of Pm3m ↔ I 4/mcm and Pm3m ↔ R3c transitions in polycrystalline samples (e.g. Harrison et al 2003 , McKnight et al 2009a . McKnight et al (2009b) gave the Pm3m ↔ I 4/mcm transition temperature as 589 K, which is comparable with 622 K for SZT75 from Wong et al (2001) but is ∼70 K higher than appears to be implied by the data for SZT77.5 in figure 5 . In this interval, however, twin wall freezing would be expected and the observed variations of tan δ may depend on a combination of contributions from twin walls and the transition itself.
In general there is overlap of the temperature intervals of dissipation characterized by variations in tan δ and Q −1 for all four of the SZT samples examined in the present study. The magnitude of Q −1 is much smaller than would be expected on the basis of equation (4), however. Frequency may not be the only factor, and Walsh et al (2008) and Carpenter et al (2010a) have argued that the effective stress experienced by defects in a DMA experiment may be one or two orders of magnitude greater than in an RUS experiment. On this basis, the much smaller variations of Q −1 may be reflecting more localized and much smaller displacement of interfaces between coexisting phases or of twin walls under lower stress. The combined data are at least consistent in associating the loss behaviour with the phase transitions themselves and, away from the transition points, with transformation-related microstructures. For the structure assignments shown in the phase diagram of McKnight et al (2009b) , this implies that twin walls can be mobile in both I 4/mcm and Imma structures. It is also possible that freezing at ∼600-650 K is only of needle domains.
The overall pattern of softening and stiffening in SrZr 1−x Ti x O 3 at both DMA and RUS frequencies is similar to that of Ca x Sr 1−x TiO 3 at DMA, RUS and ultrasonic frequencies (Harrison et al 2003 , 2007b , Walsh et al 2008 . The cubic → tetragonal transition is accompanied by elastic softening and the tetragonal → orthorhombic transition, whether to the Imma or Pnma structure, is marked by stiffening, except for a small temperature interval near the phase transition. The characteristic softening mechanism at phase transitions is due to strain/order parameter coupling (e.g. Rehwald 1973 , Lüthi and Rehwald 1981 , Fleury and Lyons 1981 , Carpenter and Salje 1998 and stiffening is relatively rare. Stiffening has been found in a martensite and associated with a structural phase transition in SrAl 2 O 4 (Carpenter et al 2010c) . In the martensite, a contributory factor was pinning of twin walls by dislocations but the common feature between Pnma perovskites and SrAl 2 O 4 appears to be the interaction of two order parameters belonging to different irreps of the space group of the parent structure. This would not account for stiffening below the I 4/mcm ↔ I mma transition, however, which does not fit with current theories. At SrZrO 3 -rich compositions in the SrZr 1−x Ti x O 3 solid solution, the I mma ↔ Pnma transition gives rise to a distinct kink in the stiffening of the shear modulus with decreasing temperature (see figure 6 of McKnight et al 2009b) . Failure to detect this transition in SZT37.5 in the present study may imply that the topology of the phase diagram postulated for intermediate compositions by McKnight et al is not quite correct or that changes in the elastic properties become independent of strain coupling at low temperatures. Given the close similarities in elastic behaviour between SrZr 1−x Ti x O 3 and Ca x Sr 1−x TiO 3 it appears that structure type is the important factor rather than whether changes between them are driven by cation substitutions on the A or B sites of the perovskite structure.
Conclusions
Although this is a specific study of the elastic behaviour of SrZr 1−x Ti x O 3 , it adds to a widening picture of how microstructure dynamics and elastic softening occur in association with pure octahedral tilting transitions in perovskites. In particular, it is now clear that substantial anelastic losses can occur in I 4/mcm, Imma and Pnma structures. These are most likely due to twin wall motion, but the freezing process seems to involve three different mechanisms as implied by the three different activation energies, ∼30 kJ mol −1 in the Pnma structure of BaCeO 3 near 200 K, ∼100 kJ mol −1 in the I 4/mcm and R3c structures of Ca 1−x Sr x TiO 3 and LaAlO 3 near 425 K, and ∼184 kJ mol −1 in the Imma structure of SrZr 1−x Ti x O 3 near 650 K (perhaps also in the Imma structure of Sr 0.8 Ba 0.2 SnO 3 ). There are also differences in the loss behaviour at DMA and RUS frequencies, but the magnitude of the applied stress may be important and a full characterization will require the development of anelasticity maps of the type proposed for LaAlO 3 (Carpenter 2010 , Carpenter et al 2010a . Given this diversity of behaviours, there is the possibility that microstructure mobility could be tailored in more complex systems with both octahedral tilting transitions and, say, electronic transitions, if it turns out to be desirable either to include ferroelastic switching with the application of magnetic fields, or to suppress the loss behaviour altogether. In relation to the behaviour of twin walls in silicate perovskites and the possibility of strong attenuation of seismic waves in the Earth's lower mantle, the critical issue is which of the three patterns of anelastic loss should be expected in silicate perovskites.
